ABSTRACT: Three lamb metabolism experiments were conducted to investigate the effects of chronic administration of the novel urease inhibitor N (n-butyl) thiophosphoric triamide (NBPT) on ruminal N metabolism, fermentation, and N balance. In Exp. 1, ruminally cannulated wethers (n = 28; 45.0 ± .9 kg) were administered one of seven doses of NBPT (0 [control], .125, .25, .5, 1, 2, or 4 g of NBPT daily) and fed a common cracked corn/cottonseed hull-based diet twice daily containing 2% urea at 2.5% of initial BW for the duration of the 15-d experiment. Overall, NBPT decreased (linear P < .0001; quadratic P < .001) ruminal urease activity, resulting in linear increases (P < .0001) in ruminal urea and decreases in ruminal NH 3 N concentrations. However, the detection of an NBPT × day interaction (d 2 vs 15; P < .01) indicated that this depression in urea degradation diminished as the experiment progressed. Increasing NBPT linearly decreased (P < .01) total VFA concentrations on d 2 of the experiment, but it had no effect (P > .10) on d 15. Increasing NBPT had no effect (P > .10) on DM or ADF digestibilities, but it linearly decreased (P < .01) N digestibility. Supplementing NBPT produced a linear increase (P < .05) in urinary N excretion and a linear decrease (P < .01) in N retention. In Exp. 2, ruminally cannulated wethers (n = 30; 
Introduction
Previous investigations of the application of urease inhibitors including acetohydroxamic acid (AHA; Streeter et al., 1969; Brent et al., 1971; Jones and Milligan, 1975 ) and phenylphosphorodiamidate (PPDA; Voigt et al., 1980b,c; Whitelaw et al., 1991) as a means of retarding the rapid degradation of dietary urea in ruminant livestock have met with limited success. Research with these urease inhibitors has demonstrated microbial adaptation over time to AHA in lambs (Streeter et al., 1969; Jones and Milligan, 1975) and PPDA in lambs (Whitelaw et al., 1991) or dairy cows (Voigt et al, 1980b,c) . In a companion paper (Ludden et al., 2000) , we reported that the novel urease inhibitor N-(n-butyl)-thiophosphoric triamide (NBPT) is an effective short-term inhibitor of urease activity in ruminal fluid when administered in vitro. However, the effects of chronic administration of NBPT on long-term urease inhibition in vivo have not been examined. Therefore, our objective was to evaluate the potential use of NBPT as an inhibitor of ruminal urease in growing lambs. The effects of chronic NBPT administration on ruminal urea kinetics both within and across days, and changes in digestibility, plasma metabolites, and N balance following 15 d of chronic NBPT administration were examined.
Materials and Methods

Experiment 1
Crossbred wether lambs (n = 28; average initial BW = 45.0 ± .9 kg) were used in a randomized complete block designed experiment to determine an effective dose range for NBPT. The lambs were surgically fitted with permanent ruminal cannulas (Dougherty, 1981) according to a protocol approved by the University of Kentucky Animal Care and Use Committee. The lambs were allowed to recover for approximately 1 mo before initiation of the experimental protocol, during which the lambs were adapted to the basal diet fed in Exp. 1 (Table 1) . The lambs were blocked by initial BW and placed in metabolism crates equipped with individual feed bunks and water pans maintained in a temperature-controlled room (22°C) under continuous lighting. All lambs were fed the basal diet (Table 1) at 2.5% of initial BW in two equal portions at 0700 and 1900 daily for the duration of the 15-d experiment. The lambs were randomly assigned within block to one of seven NBPT treatments, which included 0 (excipient control), .125, .25, .5, 1, 2, or 4 g of NBPT daily. The respective dose of NBPT was administered via the ruminal cannula in two equal portions at feeding using propylene glycol as a carrier. The concentration of NBPT in the propylene glycol solution was varied such that all lambs received 15 mL of their respective treatment solutions at each feeding.
On d 2 and 15 of the experiment, samples (15 to 20 mL) of ruminal fluid were collected from the ventral sac using a suction strainer just before the morning feeding (0 h) and at 2, 4, 6, and 9 h after feeding. The pH of these samples was immediately measured (Accumet Basic pH Meter; Fisher Scientific, Pittsburg, PA). Two milliliters of 10% m-phosphoric acid was added to 10 mL of each sample, and the samples were frozen (−5°C). The samples were later thawed and centrifuged at 16,000 × g for 15 min at room temperature. Ammonia concentration of the resulting supernatant was determined with the L-glutamate dehydrogenase enzyme assay (Sigma Diagnostics Procedure 171-UV, St. Louis, MO) modified for determination on a COBAS-FARA II centrifugal analyzer (Roche Diagnostics Systems, Montclair, NJ). Urea N content of the supernatant was determined with the diacetyl monoxime method of Marsh et al. (1965) on a Technicon AutoAnalyzer II (Technicon Instruments Corp., Tarrytown, NY). In addition, VFA concentrations were determined on a gas chromatograph (Hewlett-Packard Series II Model 5890, Palo Alto, CA) using a 4-mm i.d. glass column packed with 10% SP-1000 W AW (Supelco, Bellefonte, PA) and N 2 as the carrier gas according to the methods of Erwin et al. (1961) .
On d 2, 5, 9, and 15 of the experiment, an additional sample (10 mL) of ruminal fluid was collected from the ventral sac with a suction strainer at 2 h after the morning feeding. These samples were placed in an ice bath and transported to the laboratory for immediate determination of urease activity using the modified method of Bunting et al. (1989) . A 2-mL sample of fresh whole ruminal fluid (uncentrifuged) was added to 25-mL glass Erlenmeyer flasks containing .9 mL of 333 mM urea in .5 M Tris buffer (pH = 8.0) and .1 mL of [ 14 C]urea solution (.2 Ci/flask). The flasks were immediately capped with rubber stoppers fitted with center wells (Kontes Glass, Vineland, NJ) containing approximately a 1-cm 2 piece of Whatman No. 1 filter paper. The flasks were placed into a 37°C shaking water bath and incubated for 15 min. Control tubes (no incubation), to which 1 mL of 1 N NaOH had been added, were included to correct for background 14 CO 2 . The reaction was terminated by injecting 1 mL of 1 N NaOH through the stopper. Hyamine hydroxide (.2 mL) was then injected through the stopper and onto the filter paper contained within the center well. The flask contents were made acidic via the injection of 1 mL of 2 N H 2 SO 4 and swirled, and CO 2 was allowed to diffuse under shaking for 1 h. The stoppers were removed, and the center wells (plus filter paper) were clipped and placed into 20-mL scintillation vials. The vials were filled with 15 mL of scintillation cocktail, and radioactivity was determined using a liquid scintillation counter (Minaxi TriCarb 4430 liquid scintillation counter, Packard Instrument, Downers Grove, IL). Counting efficiencies were corrected by determining total counts in vials with center wells and filter paper. The quantity of urea hydrolyzed in the course of the assay was then computed and urease activity was expressed as micromoles of urea hydrolyzedؒminute
Blood samples (7 mL) were collected via jugular venipuncture at 3 h after the morning feeding on d 2, 5, 9, and 15 of the experiment. Samples were collected with a heparinized syringe, placed in tubes containing 30 mg of NaF, and immediately placed on ice. The samples were centrifuged at 3,000 × g for 15 min at 5°C, and the resulting plasma was stored at −5°C until later analysis. Plasma samples were analyzed for urea and NH 3 N concentrations as previously described for rumen samples and for glucose with the hexokinase enzyme assay (Sigma Diagnostics Procedure 16-UV) modified for determination on a COBAS-FARA II centrifugal analyzer.
Beginning on d 9, N balance measurements were conducted for 5 d. Total fecal output was measured and recorded each day beginning at 0700, and subsamples of each lamb's daily output (a constant percentage for each lamb) were placed in a drying oven (55°C) for a minimum of 72 h. Fecal subsamples were removed from the oven at the completion of the experiment, weighed, composited within lamb, and ground through a 1-mm screen. Total urinary output was collected each day into plastic collection vessels containing 200 g of 6 N phosphoric acid, and a daily aliquot (a constant percentage for each lamb) was composited and stored at room temperature until further analysis could be performed. Samples of the basal diet were also collected daily on d 7 through 15, composited at the end of the experiment, and ground as described above. Diet and fecal samples were analyzed for DM (AOAC, 1984) and ADF (Robertson and Van Soest, 1981) content. The N content of feed, feces, and urine samples were determined with the Dumas method (LECO model FP-2000 Nitrogen Determinator, LECO Corp., St. Joseph, MI). Urine samples were further analyzed for urea and NH 3 N concentrations as previously described.
Ruminal data were subjected to analysis of variance using the GLM procedure of SAS (1988) for a randomized complete block design. A split-split plot model that included the effects of weight block and NBPT dose in the whole plot, day of experiment in the subplot, and time within day as the sub-subplot as outlined by Steel and Torrie (1980) was used. Error terms included the block × NBPT dose interaction to test effects in the whole plot, the block × NBPT dose × day interaction to test effects in the subplot, and the block × NBPT dose × day × time interaction to test effects in the sub-subplot. Ruminal urease and plasma data were analyzed as a randomized complete block with a split-plot design, with weight block and NBPT dose in the whole plot and day of experiment in the subplot (Steel and Torrie, 1980) . Effects in the whole plot were tested using the block × NBPT dose interaction as the error term. When significant NBPT × day interactions were noted, the data were reanalyzed within day to determine linear and quadratic effects of NBPT dose. Nitrogen balance data were analyzed as a randomized complete block design. One lamb (2 g NBPT treatment) was removed from the experiment at the beginning of N balance collections (d 10) due to the development of urinary calculi, and the lamb's data were not included in the analysis of the N balance measurements made in this experiment. Therefore, least squares means and the largest SEM are reported for the digestibility and N balance results in Table 3 . Effects of NBPT were separated using single degree of freedom orthogonal contrasts to discern linear and quadratic effects of NBPT addition. Contrast coefficients were computed as described by Carmer and Seif (1963) for unequal spacing of treatments.
Experiment 2
Crossbred wether lambs (n = 30; average initial BW = 46.8 ± .6 kg) with permanent ruminal cannulas were used to determine whether the effective dose of NBPT is dependent on dietary urea concentration. The experiment included the lambs used in Exp. 1 and two additional lambs and was conducted beginning 2 wk after completion of Exp. 1. Between Exp. 1 and 2, all lambs were housed as a group and fed the basal diet used in Exp. 1 (Table 1) once daily (1,000 g per lamb, as-is basis). The lambs were blocked by initial BW, placed in metabolism crates, and managed as described for Exp. 1. The lambs were randomly assigned within block in a 2 × 3 factorial arrangement of treatments. Main effects included two dietary urea concentrations (high vs low urea; 2.0 vs 1.1% of DM, respectively) and three NBPT treatments (0 [control], .25, or 2 g of NBPT daily). To prevent the development of urinary calculi (as observed for one lamb in Exp. 1), ammonium chloride was added to the basal diets (Table 1 ) fed in this experiment. Lambs were fed their respective basal diets at 2.5% of initial BW in two equal portions at 0700 and 1900 daily for the duration of the 15-d experiment. The respective dose of NBPT was administered via the ruminal cannula in two equal portions at feeding using propylene glycol as a carrier. The concentration of NBPT in the propylene glycol solution was varied such that all lambs received 10 mL of their respective treatment solutions at each feeding.
On d 2 and 15 of the experiment, samples (15 to 20 mL) of ruminal fluid were collected from the ventral sac using a suction strainer just before the morning feeding (0 h) and at 1, 2, 4, 6, and 9 h after feeding and processed as described for Exp. 1. On d 2, 5, 9, and 15 of the experiment, an additional sample (10 mL) of ruminal fluid was collected from the ventral sac with a suction strainer at 2 h after the morning feeding for immediate determination of urease activity as previously described. Blood samples (7 mL) were collected via jugular venipuncture at 6 h after the morning feeding on d 2, 5, 9, and 15 of the experiment and processed as in Exp. 1. Total fecal collections were also made on d 9 through 14 as described for Exp. 1; urine collections were not performed because we believed that the lambs had reached a BW beyond which changes in protein accretion would be detected with N balance measurements.
Ruminal data were subjected to analysis of variance using the GLM procedure of SAS (1988) for a 2 × 3 factorial arrangement of treatments in a split-split plot, randomized complete block design. The split-split plot model included the effects of weight block, dietary urea, NBPT dose, and the interaction of treatments in the whole plot, day of experiment in the subplot, and time within day as the sub-subplot (Steel and Torrie, 1980) . Error terms included the block × dietary urea × NBPT dose interaction to test effects in the whole plot, the block × dietary urea × NBPT dose × day interaction to test effects in the subplot, and the block × dietary urea × NBPT dose × day × time interaction to test effects in the sub-subplot. When significant interactions with day were noted, the data were reanalyzed within day to determine effects of urea level and linear and quadratic effects of NBPT dose. Ruminal urease and plasma data were analyzed as a randomized complete block with a split-plot design, with weight block, dietary urea, NBPT dose, and the interaction in the whole plot and day of experiment in the subplot (Steel and Torrie, 1980) . Effects in the whole plot were tested using the block × dietary urea × NBPT dose interaction as the error term. Digestibility data were analyzed as a randomized complete block design with a factorial arrangement of treatments. Effects of NBPT were separated using single degree of freedom orthogonal contrasts to discern linear and quadratic effects of NBPT addition. Contrast coefficients were computed as described by Carmer and Seif (1963) for unequal spacing of treatments. Differences were considered to be significant at P < .05 unless otherwise stated.
Experiment 3
Crossbred wether lambs (n = 30; noncannulated; average initial BW = 26.4 ± .7 kg) were used in a 15-d N balance experiment to obtain N balance data corresponding to Exp. 2. The lambs were blocked by initial BW, placed in metabolism crates, and managed as described for the previous two experiments. The lambs were randomly assigned within block to treatments as described for Exp. 2. The respective dose of NBPT was administered orally in a gelatin capsule in two equal portions at feeding. Blood samples (7 mL) were collected via jugular venipuncture at 3 h after the morning feeding on d 2, 5, 9, and 15 of the experiment and processed as described for Exp. 1. Nitrogen balance measurements were also made on d 9 through 14 as described for Exp. 1.
The resulting data were subjected to analysis of variance using the GLM procedure of SAS (1988) for a randomized complete block design with a factorial arrangement of treatments. The model included the effects of weight block, dietary urea, NBPT dose, and the interaction. Plasma data were further analyzed as a split-plot to test for effects of day of experiment (Steel and Torrie, 1980) . The model included the effects of weight block, dietary urea, and NBPT dose in the whole plot and day of trial in the subplot. Effects in the whole plot were tested using the block × dietary urea × NBPT dose interaction as the error term. When significant interactions with day were noted, the data were reanalyzed within day to determine effects of urea level or linear and quadratic effects of NBPT dose. Effects of NBPT were separated using single degree of freedom orthogonal contrasts to discern linear and quadratic effects of NBPT addition. Contrast coefficients were computed as described by Carmer and Seif (1963) for unequal spacing of treatments. Differences were considered to be significant at P < .05 unless otherwise stated. Six lambs were removed from the experiment due to development of respiratory problems, and all subsequent missing data were handled as missing observations in the statistical analysis. Therefore, least squares means and the largest SEM are reported for results in Table 6 .
Results
Experiment 1
Although supplementation with NBPT linearly increased (P < .0001) ruminal urea concentrations in lambs (Table 2) , an NBPT × day of experiment interaction (P < .01) was also observed (Figure 1 ). On d 2 of the experiment, urea concentrations increased linearly (P < .0001) with increasing NBPT dose. A linear increase (P < .03) in urea concentrations was also noted on d 15; however, the relative differences in urea concentration with increasing NBPT dose were decreased substantially by d 15 of the experiment, suggesting an adaptation of the ruminal microflora to NBPT supplementation. This is supported by an NBPT × day interaction (P < .01) in ruminal NH 3 N concentrations ( Figure  2 ). Increasing the dose of NBPT linearly (P < .0001) decreased ruminal NH 3 N concentrations on d 2 of the experiment. The decrease was especially evident for the 2 and 4 g/d NBPT treatments, which exhibited no increase in ruminal NH 3 N after feeding. However, this depression in ruminal NH 3 N concentration was not observed by d 15 of the experiment, such that NBPT supplementation had no effect (P > .10) on ruminal NH 3 N on d 15. These changes in urea and NH 3 N are supported by the observation that urease activity was decreased (linear P < .0001; quadratic P < .001) with NBPT supplementation (Table 2) . Although we were unable to detect (P > .10) an NBPT × day interaction in urease activity, the depression in urease activity was especially evident on d 2 (data not shown). Virtually no urease activity (−.008 mol urea hydrolyzedؒmin , respectively, and remained near that level through d 15. These changes in urease activity over time corroborate the changes in urea and NH 3 N concentrations observed in this experiment and further support the concept of microbial adaptation to NBPT supplementation over time.
Total VFA concentrations exhibited an NBPT × day interaction (P < .05; Table 2 ). Supplementation with NBPT linearly (P < .01) depressed total VFA concentrations from 135 mM for the control treatment to 88 mM for the 4 g/d NBPT treatment on d 2, but it had no effect (P > .10) by d 15 of the experiment (data not shown). The molar proportion of acetate was also linearly decreased (P < .08) with increasing NBPT (55 mM for control vs 49 mM for the 4 g/d treatment) on d 2, but NBPT had no effect (P > .10) by d 15. No NBPT × day interaction (P > .10) was noted for the remaining VFA, and NBPT had no effect (P > .10) on the acetate:propionate ratio. A quadratic increase (P < .05) was also noted for the molar proportion of valerate; however, concentrations of valerate (data not shown) were not different (P > .10) between NBPT treatments.
Increasing the dose of NBPT had no effect (P > .10) on plasma concentrations of glucose or urea N (PUN ;  Table 3 ). Plasma NH 3 N concentrations exhibited an NBPT × day interaction (P < .005), in that NH 3 N concentrations did not differ (P > .10) on d 2 or 5 but linearly increased on d 9 (P < .08) and 15 (P < .001) with increasing NBPT dose. Supplementation of NBPT had no effect (P > .10) on DM or ADF digestibility, which averaged 78.9 and 34.6% of intake, respectively. Increasing NBPT linearly increased (P < .003) fecal N excretion, resulting in a linear decrease (P < .01) in apparent total tract N digestibility. Although urinary urea N excretion was not different (P > .10) between treatments, total urinary excretion (grams of urine excreted daily; P < .01), total urinary N excretion (P < .05), and urinary NH 3 N excretion (P < .05) were increased linearly with increasing NBPT. Nitrogen retention (grams per day or percentage of digested N) decreased linearly (P < .01) as NBPT supplementation increased.
Experiment 2
No NBPT × dietary urea concentration interactions (P > .20) were noted for Exp. 2 (Tables 4 and 5). As observed in Exp. 1, an NBPT × day interaction (P < .001) was noted for ruminal urea and NH 3 N concentrations in Exp. 2 (Figures 3 and 4) . Supplementation with NBPT linearly (P < .0001) increased urea and linearly decreased (P < .0001) NH 3 N concentrations on d 2 of the experiment. Although the magnitude of the response was much lower, urea N concentrations were linearly depressed (P < .02) and NH 3 N concentrations tended (P < .11) to be lower on d 15 with increasing NBPT supplementation. As expected, higher (P < .001) ruminal urea and NH 3 N concentrations were associated with lambs fed the high-urea diet. Ruminal urea N concentrations also exhibited a dietary urea × day interaction (P < .03), in that lower ruminal urea N concentrations were observed on d 15 than on d 2 of the experiment.
The changes in urea and NH 3 N in the presence of increasing NBPT are supported by the pattern of urease activity measured in this experiment (Table 4) . Overall, NBPT decreased (linear and quadratic P < .0001) urease activity irrespective of dietary urea concentration. An NBPT × day interaction (P < .001) was noted in urease activity, however, responding in a fashion similar to that seen in Exp. 1 (data not shown). Regardless of dietary urea concentration, supplementation with 2 g of NBPT daily depressed urease activity to less than .03 mol of urea hydrolyzedؒmin Total VFA concentrations also exhibited an NBPT × day interaction (P < .05; data not shown). Supplementation of NBPT linearly depressed (P < .02) total VFA concentrations on d 2 but had no effect on d 15. Averaged across days, NBPT supplementation had no effect (P > .10) on the relative proportions of individual VFA or the acetate:propionate ratio in Exp. 2.
Plasma urea N concentrations increased quadratically (P < .0001) with increasing NBPT but also exhibited an NBPT × day interaction (P < .05; Table 5 ). Supplementation with NBPT did not affect (P > .10) PUN concentrations on d 2 or 5 of the experiment but tended (P < .15) to increase PUN on d 9 and linearly increased (P < .05) PUN concentrations by d 15 (data not shown). Plasma NH 3 N concentrations increased linearly (P < .0001) with increasing NBPT, but plasma glucose was unaffected (P > .10) by NBPT or urea treatments. Neither DM nor ADF digestibility was affected (P > .10) by NBPT supplementation. Fecal N excretion was unaffected (P > .10) by dietary urea concentration or NBPT supplementation. Because N intake increased (P < .0001) with increasing dietary urea, apparent total tract N digestibility was greater (P < .01) with the higher dietary concentration of urea.
Experiment 3
A total of six lambs, all of which were receiving oral NBPT, developed respiratory problems and were subsequently removed from the experiment ( Table 6 ). As observed in Exp. 2, no NBPT × dietary urea concentration interactions (P > .10) were observed for any of the plasma metabolites measured in Exp. 3. Both PUN Table 3 . Influence of N-(n-butyl)-thiophosphoric triamide (NBPT) on plasma metabolite concentrations, apparent total tract digestibility, and nitrogen balance in growing lambs (Exp. 1) and plasma NH 3 N concentrations exhibited an NBPT × day interaction (P < .05; data not shown). Supplementation of NBPT linearly increased (P < .0001) PUN concentrations on d 2 of the experiment, but it had no influence on PUN concentrations on later sampling NBPT × day interaction (P < .001).
c Urease activity = mol of urea hydrolyzedؒmin
e NBPT × day interaction (P < .05).
f BCVFA = total branched-chain and isoacids (isobutyrate, isovalerate, and valerate).
days (data not shown). Plasma NH 3 N concentrations increased linearly (P < .001) on d 2 and 9, but they were not affected (P > .10) on d 5 or 15 by NBPT supplementation. Although plasma glucose was lower (P < .05) for the lower dietary urea treatments, NBPT NBPT × day interaction (P < .05). NBPT × day interaction (P < .05).
c NS = not significant (P > .10). had no effect (P > .10) on plasma glucose concentrations. Supplementation with NBPT tended (P < .09) to decrease DM digestibility. A trend toward an NBPT × dietary urea concentration interaction (P < .06) was noted for ADF digestibility; higher doses of NBPT decreased ADF digestion for the high urea treatments but increased ADF digestibility with the lower dietary urea treatments. Although NBPT had no effect (P > .10) on N digestibility, higher (P < .02) N digestibility was observed for the high dietary urea treatments. Significant (P < .05) NBPT × dietary urea interactions were noted for total urine excretion, urinary urea N, NH 3 N, and nonurea, non-NH 3 N output. Although supplementing NBPT linearly (P < .01) increased total urine excretion, urinary NH 3 N, and nonurea, non-NH 3 N output, total urinary N excretion was not different but tended (P < .10) to increase quadratically with increasing NBPT. Nitrogen retention (grams per day or percentage of digested N) was also depressed (P < .05) with increasing NBPT.
Discussion
Despite the great reduction-up to 77%-in ruminal urease activity with NBPT administration measured in our experiments, considerable capacity to hydrolyze urea in the rumen still remained. This is supported by the observations of Whitelaw et al. (1991) , who demonstrated that despite a 58% reduction in urease activity with administration of PPDA, urease activity in the rumen remained high enough to break down all urea presented to the animal. These authors further suggested that urease activity of only .025 mol of urea hydrolyzedؒmin −1 ؒmL −1 of ruminal fluid was sufficient to hydrolyze all the urea presented to the animal (dietary + endogenous). This level of urease activity was comparable to that observed on d 2 of our research, in which we clearly demonstrated complete degradation of dietary urea within as little as 6 h after feeding. Although complete hydrolysis of urea within such a relatively short period of time with such low urease activity would seem somewhat illogical, it could be suggested that because urease activity is greater at the ruminal epithelium than in ruminal fluid (Javorsky et al., 1987) our measurement of ruminal fluid urease activity may have been an underestimate of the true urease capacity of the animal. Epithelial urease activity has been implicated in the transfer of endogenous urea into the rumen (Houpt, 1970; Cheng and Wallace, 1979; Kennedy and Milligan, 1980) . If such a dichotomy in urease activity occurs within the rumen, one could speculate that inhibition of ruminal fluid urease activity via administration of urease inhibitors could potentially promote the recycling of endogenous urea into the rumen, but only if the inhibitor was less effective on epithelial urease. This is not supported by the data of Rémond et al. (1993) , who noted that injection of AHA into the rumen of sheep decreased urea transfer from the blood into the rumen, suggesting that two such distinct pools do not exist. Kennedy and Milligan (1980) observed that ruminal urease activity is negatively correlated with NH 3 N concentrations in the rumen. Cheng and Wallace (1979) noted that expression of urease in the rumen was inversely regulated by NH 3 N concentration, but that a 24-h period was required to adapt to a new steady-state NH 3 N concentration. Although urease activity had not yet returned to control levels by 24 h (d 2) in our research, we demonstrated an increase in urease activity after 5 d of NBPT supplementation. This supports our conclusion that the ruminal microflora had adapted to urease inhibition by d 5 in our experiments. The relationship between NH 3 N and urease activity further serves to explain why urease activity is typically higher when animals are fed a low-protein diet (Caffrey et al., 1967; Chalupa et al., 1969; Bunting et al., 1989) . We did not observe such an effect of dietary urea concentration on urease activity in our research; however, given the concentration of urea in the low-urea basal diet (1.1% of DM) and the relatively high NH 3 N concentrations we observed, the lack of an effect of dietary urea concentration on urease activity is not unrealistic.
For any urease inhibition strategy to improve animal performance, an increased synchrony of ruminal N and carbohydrate degradation would need to occur, such that either increased digestibility and(or) increased microbial protein production would occur. Therefore, the observation that apparent total tract DM or ADF digestion was not improved in Exp. 1 with NBPT administration would suggest that such an improvement in ruminal synchrony did not occur. We did observe an increase in ADF digestion in lambs fed the low-urea diet in Exp. 3. Moore et al. (1968) noted that addition of AHA to ruminal fluid stimulated cellulose degradation and that this response was greater with inclusion of urea rather than no urea in vitro. This is in contrast to that observed in vitro (Ludden et al., 2000) , in that NBPT depressed fiber digestibility. Makkar et al. (1981) demonstrated that addition of AHA at a level sufficient to produce a 74% inhibition of rumen urease had no effect on the activity of celluloytic or proteolytic enzymes in vitro. Because we measured only apparent total tract digestibility, we may also have been unable to detect changes in digestibility due to an alteration in ruminal fermentation. Any changes in ruminal fermentation due to NBPT supplementation may well have been compensated for by postruminal digestion, resulting in minimal change in total tract digestibility. This is supported by the increased fecal N excretion we observed with increasing NBPT, which may have resulted from increased hindgut fermentation. It could also be suggested that the relatively low fiber digestibility of the roughage portion of the diets we fed (cottonseed hulls) and the low ruminal pH observed would have depressed fiber digestibility overall, thereby minimizing our ability to detect any change in ADF digestion.
Our results further suggest that NBPT may have a negative effect on fiber degradation, but only in an unadapted animal or ruminal environment. We observed that increasing NBPT decreased total VFA and acetate concentrations on d 2 but had no effect after 15 d of NBPT supplementation. This is supported by the study of Voigt et al. (1980b) in which cellulose digestion was depressed in unadapted dairy cows fed urea treated with PPDA but PPDA had no influence on digestibility after adaptation to the inhibitor for 30 d. Therefore, given that all digestibility measurements were not initiated until after 9 d of NBPT supplementation, the minimal effect of NBPT on digestibility is not surprising.
The NBPT × day interactions we observed for plasma metabolites may suggest a pattern by which microbial adaptation to NBPT occurs. Because we noted initial increases in butyrate and NH 3 N concentrations with NBPT addition in vitro that were not attributable to increased substrate degradation (Ludden et al., 2000) , we have suggested that microbial modification and(or) degradation of NBPT occurs in ruminal fluid. It has also been noted that modification of NBPT when applied to the soil is an essential step in the urease inhibition process (Bremner, 1995) . Such metabolism in the rumen could, thereby, result in formation of metabolites of NBPT. We did observe increased plasma and urine NH 3 N concentrations with NBPT supplementation, but this response did not occur until after 5 d of NBPT administration in Exp. 1. Increased plasma NH 3 N could have resulted from decreased hepatic clearance of NH 3 N indicative of surpassed urea cycle function, as are the increases in urinary NH 3 N excretion we observed. However, the magnitude of the increase in plasma or NH 3 N does not suggest a severely impaired urea cycle, because we did not observe a decrease in urinary urea output with increasing NBPT. Furthermore, we did not observe an effect of NBPT on PUN concentrations in Exp. 1, 2, or 3. This is consistent with the data of Jones and Milligan (1975) and those of Whitelaw et al. (1991) , who did not observe changes in PUN with administration of urease inhibitors to the rumen.
Analysis of total urinary N and N component excretion further supports a negative effect of NBPT on N metabolism. High levels of NBPT administration increased water intake (personal observation) and elevated urine output by the lambs given NBPT in these experiments. Whether this increase in urine excretion was the cause of, or the result of, increased urine N excretion is debatable, but it has not been reported with administration of other urease inhibitors. Increased total urinary N excretion has been observed upon administration of PPDA in lambs (Whitelaw et al., 1991 N excreted in the urine, irrespective of adaptation for 30 d to PPDA, indicating that dietary urea was less efficiently utilized by the animal. Although we were able to detect an increase in urinary NH 3 N output with increasing NBPT, the excretion of N other than urea or NH 3 was also increased. Although this additional N could have been derived from NBPT, the relative increase in nonurea, non-NH 3 N excreted (1.74 g/d for the 4-g NBPT treatment in Exp. 1) cannot be wholly accounted for by NBPT, given the quantity of NBPT N supplemented (1.01 g of NBPT N/d) for the 4-g NBPT treatment. Similarly, the increase in fecal N (1.46 g/d) for the same treatment cannot be explained as being derived from NBPT. This suggests that NBPT decreased the efficiency of use of dietary N and, thereby, decreased N retention by the animal. Such an effect of urease inhibition on N retention has not generally been observed with other urease inhibitors. Although Streeter et al. (1969) observed improved N retention (1.4 g/d) for lambs receiving AHA, Moore et al. (1968) noted no change in N retention of steers given AHA. Whitelaw et al. (1991) reported inconsistent alterations in N retention of lambs given PPDA: an increase of .9 g/d in one experiment and a .7 g/d depression in another experiment. However, the consistent decreases in N retention observed in our research suggest that chronic administration of NBPT may be detrimental to the efficiency of N utilization by the animal.
Implications
Although N-(n-butyl) thiophosphoric triamide (NBPT) is capable of short-term inhibition of microbial urease activity in the rumen, the ruminal microflora are capable of adapting to chronic NBPT administration. Supplementation of NBPT at a level sufficient to cause a 77% reduction in ruminal urease activity was incapable of producing a sustained release of ammonia from urea. Furthermore, ruminal metabolism of NBPT may produce metabolites of the NBPT molecule that have negative postabsorptive effects on nitrogen metabolism in the animal, thereby limiting its practical use in improving the utilization of dietary urea.
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